ABSTRACT
INTRODUCTION
Interaction forces between colloidal particles, including nanoparticles in suspension, emulsion, and aqueous dispersion, play a great role in determining various material properties, such as mechanical properties, reactivity, and interfacial properties. This arises due to the dependence of the behavior of the suspensions/emulsions on the magnitude and range of the surface interactions [1] . From the kinetics view points, interparticle interaction can influence the kinetics of self-assembly of coating material onto the particle surface [2] .
Thermodynamically, colloidal dispersion represents a state of higher free energy than aggregated state.
Coagulation/flocculation, states of lower free energy, will occur spontaneously unless there is a substantial energy barrier preventing this tendency [3] . Aggregation reduces the specific surface area and interfacial free energy, and these phenomenons significantly reduce the particles reactivity [4] .
To control the magnitude of interaction energies between particles in a colloidal dispersion, it is required to understand all of interaction types that affect the colloidal stability, including attraction and repulsion interaction. The more various the components which contribute in the dispersion system, such as polymers, surfactant, ions, the more complicated the interaction, and thus the calculation of total interaction energy. By describing each possible interaction into mathematical equation, the relation between each variable which has contribution in the interaction can be explained, and furthermore the factors that influence the strength of the interaction can be finely understood.
EXPERIMENTAL SECTION Materials
Au/alginate nanocomposite studied in this experiment were synthesized in the condition such below. 0.20 mM AuCl 4 -solution (prepared from dissolving Au 99.9% in aqua regia followed by an appropriate purification and dilution step) was used as Au precursor. Alginate biopolymer (> 90% purity, Himedia) was used as reducing agent and stabilizer. Alginate concentration of 0.375% (w/v) was used in the synthesis. HCl and NaOH were used for adjusting pH.
Instrumentation
The optical extinction spectra were measured by an ultraviolet-visible (UV-Vis) spectrophotometer (UV-1700, Shimadzu) in a scanning range of 190 nm to 1100 nm. The morphologies of the Au-NP were observed by transmission electron microscopy (TEM) on JEM-1400 electron microscope JEOL instrument by operating at an accelerating voltage of 120 kV. The particle size, particle size distribution and zeta potential were evaluated by Particle Size Analyzer (Malvern Zetasizer, ZEN-1600 for particle size and size distribution, Malvern Zetasizer Nano ZS for zeta potential).
Procedure
Nanocomposite was synthesized using bottom-up technique in the presence of alginate as reducing agent with the aid of microwave energy to accelerate nucleation and growth process and increase particle size homogeneity. Briefly, 10 mL of HAuCl 4 solution was poured into 100 mL beaker glass and added by 10 mL of alginate solution. The mixture was irradiated for some minutes until the color of the solution was changed. The final solution was cooled in room temperature before further characterization. pH was adjusted in the range of 2-10. The alginate concentration was varied in the range of 0.075-0.375%(w/v) and the stability of the asprepared nanocomposites were examined from the SPR characteristics, particle size and TEM images. The data yielded from the experiment, including particle size, zeta potential and the concentration of each ions, were used for further theoretical calculation using mathematical equation of relevant interaction energy.
RESULT AND DISCUSSION
Alginate was utilized in the experiment since it belongs to biopolymer which provides a bulk chain structure that is potential for capping nanoparticles. Moreover, several biopolymers were reported to be potential reducing agent [5] [6] [7] [8] , therefore introducing these materials in the synthesis can minimize the steps of the synthesis procedures.
The results showed that the particle size of the nanocomposite were in the range of 2-10 nm for Au/alginate depending on several variables including metal precursor concentration, alginate concentration, and pH. These nanocomposites were relatively stable until 7 months after preparation, without any signs of aggregation. The results also revealed that the higher the alginate concentration, the higher the stability of the nanocomposites, thus the smaller the particle size. The phenomena confirmed the role of alginate as stabilizer. Another information implied from the experiment was that the pH could effectively influence electrostatic interaction between particles, resulting in smaller particle size with the increase of pH. It can be suggested that electrostatic interaction played a significant role in stabilizing colloidal system of the nanocomposites.
In the next section, both the steric energy comes from repulsion between alginate chain and electrostatic energy comes from repulsion between the same charges were calculated using the mathematical equation derived from literature [3] . Those energies were plotted as a function of particle-particle separation distance and the values were used to explain how much the contribution of each interaction in the nanocomposites stabilization.
Stabilization
Energy of Four Au/Alginate Nanocomposite Colloidal System
In the synthesis of nanocomposite Au/alginate studied in this research, alginate has function not only as reducing agent but also as modifier and stabilizer for the as-prepared nanocomposites. The bulk chain of alginate biopolymer was arranged in a compact structure on the surface of nanoparticles to make a barrier for van der Waals attraction between particles. Besides polymer chains, ions were also present in this system, comes from HCl and NaOH as pH adjusting solution. These ions played the same role of stabilizing agent via electrostatic repulsion. As both the polymer and ions were used in the stabilization mechanism, it can be predicted that both electrostatic and steric interaction energy were present. Even though the electrostatic and steric repulsion energy are not completely independent [9] , to estimate the stabilization Fig 1. A. E vdW (h) curve for Au/alginate nanocomposite at various particle size (a = 2, 5, 10 nm, from top to bottom). B. E vdW (h) curve for Au/alginate nanocomposite at a = 2.414 nm (synthesized at pH 10) energy for colloidal Au/alginate nanocomposite system, it can be assumed that the interaction energies are additive. Therefore the total energy is the sum of van der Waals energy (E vdW (h)), steric energy (E es (h)), and electrostatic energy (E ster (h)) as stated below.
Van der Waals energy
Van der Waals attraction energy between particles can be calculated using equation 2. A H is Hamaker constant of interparticle interaction. The knowledge of the dielectric spectra over the entire frequency range for all of the individual materials comprising the system is required to calculate the values. For Au-Au core the constant is found to be 45.3 x 10 -20 J [10] . Several calculation techniques were described in the literatures [11] [12] . By using equation 2, van der Waals interaction energy for Au/alginate nanocomposite in the range of particle-particle separation distance (h) from 0-20 nm can be calculated by assuming that the particle size at optimum condition was 4.828 nm or particle radius (a) was 2.414 nm. Equation 2 is valid when the particles were spherical and have the same radius.
The trends of van der Waals energy can be observed from Fig. 1A . Since the van der Waals interaction is attractive, E vdW (h) is negative with infinite value as h  0 and diminishes quickly as h increases. Based on equation 2, E vdW (h) depends on particle size, and the larger the particle size, the more negative the E vdW (h), indicated the higher tendency to interact between particles, leading to unavoiding aggregation. Therefore it required sufficient energy barrier to counteract the attraction that can be accomplished by applying polymer chain deposition on the particle surface or adjusting the concentration of ions to create repulsion between the same sign of charges.
Electrostatic interaction energy
Electrostatic interaction energy was calculated to predict the magnitude of repulsion interaction between electrical charges with opposite signs as the particles get closer. If the energy was so high that the summation between this energy and E vdW (h) gives highly positive values, the aggregation would be hindered. Electrostatic energy depends on electric double layer thickness, 1/, which can be expressed as
e is electron charge, N A is Avogadro's number, c is the molar concentration of ions, z is the valency of each ions,  0 is the permittivity of free space (8.854 x 10 12 Fm
1
),  r is the dielectric constant of the suspension medium and is approximately 78.40 for an aqueous system at 20°C. Electrostatic interaction energy depends on zeta potential, i.e., the potential where the ions are less firmly bound to the particle surface (diffuse layer). One requirement for this energy calculation is that the zeta potential should be < 50 mV, so that in the studied system, colloidal Au/alginate nanocomposite with zeta potential of about 30 mV or lower, this energy can be well explained. When a > 10, electrostatic repulsion energy is defined as,
When the electric double layer around the particles is very extensive such that a < 5, the above equation is not valid and need to be rearranged such below,
In the studied system, stabilization energies were calculated for Au/alginate nanocomposites which have particle size relatively small, synthesized using experimental conditions as follows, AuCl 4 -0.20 mM, alginate concentration of 0.375%(w/v) and pH 10. The Fig 2. A. Electrostatic repulsion energy for colloidal Au/alginate nanocomposite at various zeta potential (-30, -27, -25, -22, -11.5, -7 mV, from top to bottom), B. electrostatic repulsion energy for colloidal Au/alginate nanocomposite at zeta potential = -30 mV (), van der Waals energy (), and total energy (van der Waals + electrostatic energy) () as-synthesized Au/alginate nanocomposite has particle size of 4.828 nm (a = 2.414 nm) and since the  is 0.2087, thus a is 0.5038 or < 5, and only equation 5 is applicable to describe this system. From the results, it was found that the zeta potential of the nanocomposite was negative and became more negative as the pH increased. When the pH is higher than 6, the zeta potential was more than -20 mV and achieves a value of -30.3 mV at pH 10. The zeta potential of  30 mV was reported to be sufficiently negative for electrostatic stabilization of colloidal nanoparticles [13] . On the other hand, electrostatic energy also depends on particle size and the larger the particle, the higher the energy [14] . In the case of Au/alginate nanocomposite, the pH of solution during the synthesis could affect the particle size of the assynthesized nanocomposite. At lower pH, interaction between alginate molecules were more pronounced since a large number of hydrogen bonding was formed between alginate molecules. These molecules were attached to Au nanoparticles surface, so that the shorter the alginate-alginate distance, the shorter the particle-particle separation distance. As a result, agglomeration between particles could not be hindered. Fig. 2A revealed that the zeta potential played a significant role in the electrostatic stabilization. The higher the zeta potential, the more intensive the repulsion, as it can be seen from the higher the repulsion energy. The high repulsion energy favored the colloidal stabilization since it leads to the more positive of the total energy. According to the study, it was found that the zeta potential was influenced by pH. As the pH increased, the zeta potential was also increased until pH 10 ( Table 1 , Fig. 3 ). It explained the fact that the system was more stable in the higher pH, resulting the smaller particle size. At pH 2, Au/alginate nanocomposite were successfully synthesized but yielded in the low stable particles. The colloidal nanoparticles at this condition were violet and the particle size distribution was very wide. The analysis of particle size distribution showed three peaks of particle size curve: 16.36 nm (82.9% volume), 91.41 nm (3.1% volume), 257.1 nm (3.5% volume). When pH was 10, at the same alginate concentration (0.25%(w/v)), the particle size of Au/alginate was 4.828 nm (80.3% volume) and 13.230 nm (19.3% volume). Fig. 2B showed the sum of electrostatic and van der Waals which has negative values at shorter particleparticle distance. It means that electrostatic energy alone was not sufficient to act as energy barrier for counteracting the van der Waals attraction forces at the distance. At longer particle-particle separation distance, the electrostatic energy became higher and has positive values. Compared to the steric stabilization energy, which will be discussed later, this electrostatic energy was relatively low.
Steric energy
In the colloidal system studied here, alginate was not only act as reducing agent but also as stabilizer since the bulky structure of alginate chain could arrange themselves on the particle surface forming polymer layer. The polymer layer prevents the particles from approaching each other closely enough for the van der Waals attractions to cause aggregation. An understanding of how the forces between two polymercoated nanoparticles depend on the various molecular parameters, such as the molecular weight of the chains and their interaction with the suspending fluid, is crucial to creating nanocomposite materials with welldispersed nanoparticles [15] .
The strength of repulsion between the biopolymer chains can be predicted by mathematical calculation of steric repulsion energy. Steric repulsion energy is the combination of mixing energy (E mix (h)) and elastic energy (E elastic (h)), which is stated as equation 6 and 7. Different from the mixing repulsion which is due to interpenetration of two polymer layers, elastic repulsion energy results from the entropy loss due to compression of the coating layer of polymer tails between two metal cores [16] .
At small particle-particle separation (h < L), the polymer segment density is assumed to be uniform and the contributions from the elastic and mixing interactions are given by,
where V f is the average volume fraction of the polymer segments in the adsorbed layer, L is the adsorbed polymer layer thickness,  is the molecular volume of the dispersing medium, and  is the Flory-Huggins parameter. E elastic (h) is the polymer chain elastic interaction energy,  is the density and M w is the molecular weight of the adsorbed polymer. By applying particle radius of 2.414 nm (optimum condition of Au/alginate nanocomposite) and various L in the range of 0.25-1.00 nm, the value of V f can be calculated by assuming that all of particles were spherical in shape.  is 2.99 x 10 -29 m 3 for water as dispersing medium, and  for alginate is 0.24 [17] . Fig. 4A showed that alginate layer thickness (L) has strong effect to the steric repulsion energy. When L was low, at shorter particle-particle separation distance, the steric energy was zero. At higher L, the steric energy was drastically raised and achieved a value of more than 100 kT at L of 1.00 nm. Besides that, the steric energy effective range was increased substantially as L increased. If the steric energy was mixed with van der Waals energy, it could be seen that the minimum L required for hindering the van der Waals attraction between particles was 1.00 nm (Fig. 4B) . Below this value, the sum of the two types energies have negative values at shorter particle-particle separation distance and approached zero at longer distance. The steric repulsion energy was sufficiently high at the great alginate layer thickness due to high molecular weight of alginate and the long chain of this polymer may likely be effectively adsorbed onto particle surface, and created repulsion between polymer-capped particles.
Since the alginate layer thickness depends on alginate concentration applied in the synthesis, the above mathematical calculation implied that applying high alginate concentration should be considered to achieve high stability of the as-synthesized nanoparticles. This statement was in agreement with the result of the experiment that at low alginate concentration (0.05-0.075%(w/v)), the colloidal Au/alginate nanocomposites were not stable and the SPR spectrum was broadened at higher wavelength. At alginate concentration above 0.25%(w/v), formation of stable colloidal Au/alginate nanocomposites was very probable to occur. The TEM image (Fig. 5A) showed that at the same storage time (~2 months), colloidal Au/alginate nanocomposites synthesized at low alginate concentration aggregated into large particles and produced nonspherical particle shape, which is cubic and rodlike shape in this case. This phenomenon was not occurred at high alginate concentration, as shown in Fig. 5B . After 2 months, the colloidal Au/alginate nanocomposites were still spherical in shape, and did not significantly form any aggregates.
Total energy
The trends of the total energy (the sum of van der Waals, steric and electrostatic energy) shown in Fig. 6A was not significantly different from that of the steric energy, since the contribution of the electrostatic energy was much lower than that of the steric energy. In the synthesis, the effect of steric and electrostatic repulsion on the colloidal Au/alginate stabilization could be assessed by comparing the effect of pH and alginate concentration on the particle size of the asprepared nanoparticles. Although pH was adjusted to a moderately high value (~6 or above), if the alginate concentration was too low, the particle size was relatively large. These data stated below explained this trend. By using higher alginate concentration (0.375%(w/v)), at pH 2, the particle size was 9.819 nm (89.4% volume), whereas at the same pH, using alginate concentration of 0.25%(w/v), a large number particle have the size of 16.36 nm and 91.41 nm, as has been discussed above. At pH 6, using the lower alginate concentration, 0.15%(w/v), the particle size was 19.64 nm (98.8% volume), but when the alginate concentration raised to 0.375%(w/v), the particle size was significantly dropped to 5.46 nm (98.0% volume).
In this system, as shown by the interaction energy curve, the stabilization of colloidal nanocomposite system was not effective if only relying on electrostatic repulsion energy. One of the techniques to improve the electrostatic stabilization mechanism is by reducing the valency and concentration of electrolytes present in the system. The minimum z is 1 for HCl and NaOH and it can not be further minimized. Another alternatives is reducing the quantities of HCl and NaOH to increase 1/, but this treatment lead to another problem. First, it is difficult to adjust an appropriate pH for effectively reducing metal precursor which yields optimum characteristic of the as-produced nanocomposites. Second, it is difficult to obtain high value of potential zeta on the particle surface, as required for obtaining high electrostatic energy.
Besides due to the higher capacity in the stabilizing nanocomposites against aggregation (as compared to electrostatic repulsion), it is found that the steric energy is relative insensitive to the variation of solution chemistry, neither ionic strength nor the surface potential. Those advantages explain the reason why the steric stabilization is widely employed in the synthesis or preparation of colloidal particle suspensions [18] .
Though the above explanation is merely a simplified statement from an exact mathematical equation for the real system (which should involve each contribution of all interaction type works on the system), it provides an important suggestion related with the variables which should be controlled in order to yield excellent stability of the as-synthesized nanocomposites.
CONCLUSION
According to the calculation of interaction energies in the colloidal system of Au/alginate nanocomposite, it can be concluded that both steric and electrostatic stabilization played a crucial role to avoid interparticle aggregation, but the steric stabilization give higher contribution than the electrostatic stabilization due to the larger molecular weight of alginate. It can be implied that the formation of highly stable of Au/alginate nanocomposite can be achieved by adjusting both the alginate layer thickness and pH.
